Background: Obesity and its related metabolic syndrome continue to be major public health problems. Monosodium L-glutamate (MSG) may cause metabolic diseases such as obesity. Meanwhile, the Chinese population has undergone rapid transition to a high-fat diet. There is little information available on the effect of MSG and fat alone, or in combination, on free fatty acids (FFAs), lipid metabolism and FFA receptors. Objective: The aim of this study was to evaluate the effects of MSG and fat alone, or in combination, on intestinal luminal FFAs and expression of gastrointestinal FFA receptors. The aim was also to test whether dietary fat and/or MSG could affect expression of genes related to fatty acid metabolism. Design: A total of 32 growing pigs were used and fed with four iso-nitrogenous and iso-caloric diets. Pigs in the four treatments received diets with one of two fat concentrations levels (4.4 and 9.4%) and one of two MSG dose levels (0 and 3%), in which most of the fat were brought by soybean oil. The concentration of short chain fatty acids (SCFAs) in cecum and colon, long chain fatty acids (LCFAs) in ileum, cecum and colon, and FFAs receptors expression in hypothalamus and gastrointestinal tract were determined. Results: MSG and/or fat changed intestinal luminal SCFAs, levels of LCFAs, and showed an antagonistic effect on most of LCFAs. Simultaneously, MSG and/or fat decreased the expression of FFA receptors in hypothalamus and gastrointestinal tract. MSG and/or fat promoted fat deposition through different ways in back fat. Conclusion: Our results support that MSG and/or fat can alter intestinal luminal FFAs composition and concentration, especially LCFAs, in addition, the expression of FFA receptors in ileum and hypothalamus could be decreased. Moreover, MSG and/or fat can promote protein deposition in back fat, and affect the distribution and metabolism of fatty acids in the body tissues and the body's ability to perceive fatty acids; these results provide a reference for the occurrence of fat deposition and obesity caused by high-fat and monosodium glutamate diet. • MSG and/or fat affected the distribution and metabolism of fatty acids in the body tissues and the body's ability to perceive fatty acids.
Obesity and its related metabolic syndrome including type II diabetes mellitus (1) and cardiovascular diseases (2) are major public health problems in the developed countries (3) (4) (5) . The primary reason for obesity is the excess intake of energy, which is stored in the form of triglycerides (6, 7). As energy supplier and important building blocks of adipogenesis, free fatty acids (FFAs) play a critical role in energy homeostasis and pathogenesis of obesity and related syndrome (8) (9) (10) . FFAs can be divided into short chain fatty acids (carbon chain <6, SCFAs) and long chain fatty acids (LCFAs). SCFAs are mainly produced by anaerobic bacterial fermentation which degrades complex carbohydrates in distal intestine (11) , while LCFAs are mainly produced by transformation from neutral fat, cholesterol ester and phospholipids in liver. These intestinal luminal FFAs are absorbed into blood circulation via passive diffusion and/or fatty acid transporters by flip-flop mechanism (12, 13) . Evidences have demonstrated that, except for primarily used as energy source for enterocytes (14) , FFAs such as SCFAs could enhance intestinal squirm and ion transportation via releasing of 5-hydroxytryptamine (15) (16) (17) , increase the intestinal microbiota diversity, decrease the colonisation of hazardous bacteria (18) (19) (20) and regulate intestinal immunity (21) . The effect of FFAs is finely regulated by fatty acid receptors, which subsequently activate downstream signalling cascade, and finally affecting host physiological as well as immune function (22) . The most extensively identified FFAs receptors belong to G protein-coupled receptor (GRP) and mainly include GPR40, GPR41, GPR43, GPR84, GPR119 and GPR120 (23) (24) (25) (26) . Many compelling investigations had shown that FFAs receptors were related with lipid metabolism, immunity and pathogenesis of obesity, chronic inflammation and diabetes (27, 28) . In fact, FFA receptors are regarded as therapeutic targets for metabolic disorders (29) . Considering the importance of FFAs and FFA receptors, it is important to investigate luminal FFAs concentration and gastrointestinal FFA receptors.
Monosodium L-glutamate (MSG) is widely used as a flavour enhancer with an umami taste, especially in Asian countries including China (30, 31) . MSG demand is still increasing in the world for the pleasant taste it brings; however, the controversy regarding MSG safety continuously exists since a report that described the so-called Chinese restaurant syndrome in 1968 (32, 33) . Furthermore, many studies have demonstrated that MSG leads to metabolic diseases such as obesity and diabetes through insulin resistance (34, 35) , hypothalamic lesions and leptin resistance (36) , or alters hepatic gene expression of nitrogen and lipid metabolism (37) . Notably, with the industrial and social development, the Chinese population, including children and adolescents, has undergone a rapid transition to a high-fat diet.
As we know, the main reason of obesity is the excessive deposition of fat, and the amount of body fat content depends on the processes of fat synthesis and decomposition. Excess fat consumption makes it easy to induce obesity (38) . Most of the fatty acids required for body fat deposition in animals come from the whole process synthesis of fatty acids, during which the synthesis of triglycerides (TAG) catalyses by fatty acid synthase (FAS) with acetyl-coa and malonyl-coa. Excessive expression level of FAS can significantly increase the deposition of triglycerides in the body, thus leading to obesity (39) (40) (41) . Besides, hydrolysis of animal fat is mainly catalysed by hormone-sensitive lipase, which is a rate-limiting enzyme for triglyceride degradation in fat cells and plays an important role in regulating energy balance (42) . However, the impacts of MSG and fat alone, or in combination, on fat metabolism in adipose tissue, intestinal luminal FFAs metabolism and gastrointestinal FFA receptors are rarely reported. Recently, researches aimed to reveal the association between flavour enhancer and metabolism have shown that flavour enhancer affects body metabolism by altering intestinal microbiota (43) . Dietary MSG and/or fat alter intestinal microbiota by enhancing the colonisation of energy-harvesting microbes (44) . As the majority of luminal FFAs are produced by bacterial fermentation, we hypothesise that MSG and/ or fat could change the intestinal luminal FFAs metabolism and gastrointestinal FFA receptors expression. Pig is a suitable model for studying human nutrition because its nutritional and digestive characteristics are similar to those of humans (45) . Thus, the present study was conducted to investigate the effect of MSG and fat alone, or in combination, on fat metabolism in adipose tissue, FFA concentrations in intestinal luminal contents and the expression profile of FFA receptors in hypothalamus and gastrointestinal tract of growing pigs.
Materials and methods
All experimental procedures used in this study were approved by the Animal Care and Use Committee of the Chinese Academy of Sciences.
Experiment design
A total of 32 growing pigs (York × Landrace × Duroc, average body weight 25.0 ± 1.3 kg) from four litters were randomly divided into four groups (eight repeats); the percentage of males and females was fifty-fifty. In the present study, 2 × 2 factorial design was used. Four iso-nitrogenous and iso-caloric diets (basal diet [BD] ; high fat diet [HF] ; basal diet with 3% MSG [BDM] ; and high fat diet with 3% MSG [HFM]) were provided to growing pigs; most of the fat were brought by soybean oil. BD group was used as control. The detailed fatty acid compositions and nutrient level of the four diets are shown in Table 1 . The diets and water were provided to the pigs freely. The feeding lasted for 30 days; blood samples from jugular vein were collected into heparin-coated tubes and then centrifuged (3,000 × g for 10 min at 4°C). The supernatants (plasma) were immediately stored at −80°C until analysis. All pigs were sacrificed by jugular puncture under general anaesthesia, via intravenous injection of 4% sodium pentobarbital solution (40 mg/kg body weight [BW] ). Samples from the hypothalamus, back fat and different segments of gastrointestinal tract including stomach, duodenum, jejunum, ileum and colon (cleaned by ice-cold saline before sampling) were collected immediately and then frozen in liquid nitrogen and stored at −80°C until analysis. The contents of ileum, cecum and colon were collected and then immediately stored at −20°C until analysis. The back fat sample was preserved in neutral formalin.
Morphology of back adipose tissue
The solution on the fat tissue was dried with filter paper, frozen and fixed with optimal cutting temperature (OCT) embedding agent and then frozen and sliced in Leica CM1950 (Leica Microsystems Nussloch GmbH, Heidelberger, Germany). Adipocytes of back adipose tissue were observed under ordinary light microscope after stained with haematoxylin-eosin and sealed with gelatin (Micrometrics TM; Nikon Eclipse E200, Tokyo, Japan).
Measurement of total FFA concentrations in plasma and hypothalamus
Total FFA concentrations in plasma and hypothalamic homogenate were measured using total FFAs enzyme-linked immune sorbent assay (Elisa) kit following the manufacturer's instructions (CUSBIO, Wuhan, China).
Measurements of concentration of SCFAs in intestinal luminal contents
All the contents of cecum and colon were lyophilised and then weighted. About 0.5g of lyophilised samples was dissolved with 2 mL sulfuric acid (2%, v/v), vortex mixed and then centrifuged at 10,000 g for 10 min at 4 ºC; 1 mL supernatant and 0.25 mL metaphosphoric acid (25%, v:v = 3:1) were fully mixed. Then the mixture was added into 10 mL centrifuge tube with 2 g dried acid adsorbent (anhydrous sodium sulphate: 50% sulfuric acid: diatomite = 35:1:15), and added 3 mL chloroform subsequently, vortex fully. After clarified transparently, centrifuged at 10,000 g for 15 min at 4 ºC, finally at least 600 μl supernatant was used for analysis. The standard solution of SCFAs (acetate, propionate, butyrate, isobutyrate, valerate and isovalerate) was prepared by mixing 1 mL standard stock solution (100 μl corresponding FFAs solution was diluted with chloroform to 100 mL, respectively) with 9 mL chloroform. The concentration of FFAs was determined by gas chromatography (GC)-electrospray ionisation ( Agilent, 6890). The capillary columns (1.82 m × 0.2 mm) were filled with 80/100 red diatomite (HP Inc, USA). The results were presented with mg SCFA/g lyophilized sample.
Measurement of LCFAs concentrations in diets and intestinal contents
The LCFAs of each content in diets, ileum, cecum and colon were extracted with mixture solution (petroleum ether: benzene = 1:1) and then were methyl esterified with methanol solution (4 mol/L). 
Real-time transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from stored samples with TRIZOL regent (Invitrogen, USA) and treated with DNase I (Invitrogen, USA) according to the manufacturer's instructions. For each sample, the RNA quality was checked by 1% agarose gel electrophoresis, stained with 10 µg/mL ethidium bromide. Synthesis of the first strand cDNA was performed with primers (mix of random primer and oligo dT primer, 1:1) and PrimeScript® 1st Strand cDNA Synthesis Kit ( TaKaRa, Dalian, China) according to the manufacturer's instructions. The primers used in the present study were designed using Primer 5.0 software, and the detail information was listed in Table 2 . β-actin was used as the reference gene to normalise target gene transcript levels. The method for real-time PCR performing and data analysis was referred to previous study (46) .
Statistical analyses
The data of gene expression were showed as means ± SEM, and FFA concentrations were shown as means ± standard deviation (SD). Statistical analysis was performed using a 2 × 2 between-subjects factorial design analysis of variance (ANOVA), and chi-square tests for each relevant variable. Statistical analyses were performed using SAS 9.2 (SAS Institute Inc., Cary, NC). The differences were considered as statistically significant for P < 0.05.
Results

MSG and/or fat did not obviously influence the growth performance and carcass composition of growing pigs
Based on our published research (Table 3) (47, 48) , no obvious effects were found on the growth performance and carcass from dietary supplementation with MSG and/or fat.
MSG and/or fat promoted the fat deposition of growing pigs
In the present study, MSG or fat could obviously promote adipocytes volume in back adipose tissue, while the addition of fat and MSG together had an antagonistic effect on the size of fat cells (Fig. 1) . Adipocytes size comparison showed that dietary addition of fat and MSG can promote fat deposition. Monosodium L-glutamate and fats change free fatty acid concentrations 
MSG and fat exhibited little effect on total FFAs in plasma and hypothalamic homogenate of growing pigs
In the present study, the concentrations of FFA in blood and hypothalamic homeostasis were determined. However, no obvious effects were found from MSG and/or fat on total FFAs in plasma and hypothalamus (Fig. 2 ).
MSG and/or fat affected SCFA concentrations in intestinal luminal contents
In the present study, SCFA levels in cecum and colonic contents were determined to test the effect of MSG and/ or fat. The results showed that fat significantly increased (P < 0.05) the concentration of isobutyrate and isovalerate in cecum contents (Table 4) , and simultaneously remarkably decreased (P < 0.05) valerate level in colonic contents (Table 5) . MSG significantly elevated (P < 0.05) the butyrate levels in colonic contents (Table 5 ). MSG and fat alone or in combination showed no significant effect on the ratio of propionate/acetate in cecal and colonic contents (Tables 4 and 5) . No obvious interactive effects were found on intestinal luminal SCFA concentrations when MSG and fat were supplemented together.
MSG and/or fat affected LCFA compositions in intestinal luminal contents
In the present study, dietary fat significantly increased (P < 0.05) the percentages of myristic acid, linoleic acid, Monosodium L-glutamate and fats change free fatty acid concentrations Bold values indicate statistically significant (P < 0.05). linolenic acid, behenic acid and eicosatrienoic acid in ileac contents, whereas it remarkably decreased (P < 0.05) the percentages of palmitoleic acid, stearic acid and eicosapentaenoic acid. Conversely, MSG significantly increased (P < 0.05) the percentages of myristic acid, stearic acid and elaidic acid and decreased (P < 0.05) the percentages of palmitoleic acid, linoleic acid, linolenic acid, arachidic acid and tetracosanoic acid in ileac contents. Apart from synergistically increased (P < 0.05) the percentage of myristic acid, MSG and fat exhibited antagonistic effect (P < 0.05) on palmitoleic acid, heptadecanoic acid, stearic acid, linoleic acid and arachidonic acid in ileum contents (Table 6) . Similar to ileum, dietary fat and MSG affected cecal contents LCFAs composition and relative proportion. As shown in Table 7 , dietary fat significantly increased (P < 0.05) the percentages of pentadecanoic acid, linoleic acid, linolenic acid, eicosadienoic acid and eicosatrienoic acid and remarkably decreased (P < 0.05) oleic acid and arachidonic acid percentages in cecal contents. However, MSG remarkably elevated (P < 0.05) the percentages of palmitoleic acid, linoleic acid, eicosadienoic acid and eicosapentaenoic acid, whereas it decreased (P < 0.05) palmitic acid, stearic acid, oleic acid and behenic acid percentages in cecal contents. Simultaneously, MSG and fat exhibited antagonistic effect (P < 0.05) on the percentages of palmitic acid, palmitoleic acid, heptadecanoic acid, stearic acid, elaidic acid, linoleic acid, arachidic acid and arachidonic acid in cecal contents.
As shown in Table 8 , high dietary fat significantly elevated (P < 0.05) the percentages of myristic acid, pentadecanoic acid, stearic acid, eicosadienoic acid, eicosatrienoic acid and eicosapentaenoic acid, but decreased (P < 0.05) the percentages of palmitic acid, elaidic acid, linoleic acid and arachidic acid in colonic contents. MSG remarkably increased (P < 0.05) the percentages of myristic acid, linoleic acid, linolenic acid, eicosadienoic acid, eicosatrienoic acid and tetracosanoic acid, while it decreased (P < 0.05) the percentages of pentadecanoic acid, palmitic acid and oleic acid in colonic contents. Besides synergistic elevation (P < 0.05) of myristic acid, MSG and fat exhibited antagonistic effect (P < 0.05) on the percentages of palmitic acid, palmitoleic acid, stearic acid, elaidic acid, linoleic acid, behenic acid and eicosatrienoic acid in colonic contents. Yun Su et al. Bold values indicate statistically significant (P < 0.05). 
MSG and/or fat downregulated FFA receptors gene expression in gastrointestinal tract
In the present study, MSG and/or fat were also found to change the concentrations and relative proportion of FFAs in intestinal luminal contents; thus, we investigated whether MSG and/or fat may change the expression profiles of corresponding FFA receptors (GPR40, GPR41, GPR43, GPR84, GPR119 and GPR120) in gastrointestinal tract. As shown in Fig. 3 , high dietary fat significantly increased (P < 0.05) all tested FFA receptors expression. However, besides elevation of GPR43 expression, MSG remarkably decreased (P < 0.05) other FFA receptors expression in stomach. Simultaneously, MSG and fat combination significantly decreased (P < 0.05) FFA receptors expression except for GPR43 and exhibited antagonistic effect in stomach. Apart from significant elevation (P < 0.05) of GPR40, GPR43 and GPR84 expression in fat treatment group, both MSG and fat significantly decreased (P < 0.05) GPR40, GPR41, GPR43 and GPR84 expression. At the same time, MSG and fat combination exhibited antagonistic effect on FFA receptors expression in duodenum. However, all treatment groups exhibited no effect on GPR119 and GPR120 expression (Fig. 3B) in duodenum.
As shown in Fig. 3C , except for significantly decreased (P < 0.05) expression of GPR43, dietary fat remarkably increased (P < 0.05) other FFA receptors gene expression in jejunum. MSG significantly elevated (P < 0.05) the expression of GPR40, GPR41, GPR84 and GPR120 in jejunum. At the same time, MSG and fat combination exhibited synergistic effect on gene expression of GPR40, GPR41 and GPR120 and antagonistic effect on GPR43, GPR84 and GPR119 expression in jejunum.
Interestingly, both dietary fat and MSG significantly decreased (P < 0.05) all the FFA receptors expression in ileum. Simultaneously, MSG and fat combination exhibited synergistic effect on the gene expression of GPR40, GPR84 and GPR119, but antagonistic effect on GPR41, GPR43 and GPR120 expression in ileum (Fig. 3D) .
As shown in Fig. 3E , high dietary fat significantly decreased (P < 0.05) the gene expression of GPR40 and GPR84, while it increased (P < 0.05) GPR43 expression in colon. Besides GPR41, MSG significantly decreased (P < 0.05) FFA receptors expression in colon. At the same time, dietary fat and MSG combination exhibited antagonistic effect on GPR40, GPR41, GPR84 and GPR120 expression in colon.
Collectively, MSG and/or fat exhibit different effects on FFA receptors and vary with its segments and compartments. Simultaneously, MSG and fat exhibit antagonistic effect on most of FFA receptors.
MSG and/or fat downregulated FFA receptors expression in hypothalamus
As shown in Fig. 3F , high dietary fat remarkably decreased (P < 0.05) the expression of GPR40, GPR41 and GPR43. Similarly, MSG significantly decreased (P < 0.05) FFA receptors gene expression except GPR120. Interestingly, besides GPR84, MSG and fat combination synergistically decreased other FFA receptors gene expression in hypothalamus. Collectively, MSG and/or fat blunted FFAs sensing ability through downregulation of FFA receptors in hypothalamus.
MSG and/or fat affect fatty acid metabolism in back fat
As shown in Fig. 4A , high dietary fat remarkably increased (P < 0.05) the expression of SREBP-1c, while MSG significantly increased (P < 0.05) the expression of acetyl-CoA carboxylase (ACC) (P < 0.05), Bold values indicate statistically significant (P < 0.05).
FAS (P < 0.0001), acyl-CoA oxidase (ACO) (P < 0.05), SREBP-1 (P < 0.05) and SREBP-1c (P < 0.0001). Fat and MSG together had antagonistic effect on the expression of ACC (P < 0.05), FAS (P < 0.05), FABP (P < 0.05), SREBP-1 (P < 0.05) and SREBP-1c (P < 0.0001).
Compared to the mRNA levels of genes related to fat synthesis, dietary fat remarkably decreased the expression of triacylglycerol hydrolase (TGH) (P < 0.05) related to adipose decompose, while MSG significantly increased the expression of adipose triglyceride lipase (ATGL) (P < 0.0001) (Fig. 4B) . 
Discussion
Intestinal luminal FFAs, especially in colon, are mainly derived from anaerobic bacterial fermentation of dietary carbohydrates. Except for producing ATP for enterocytes, FFAs modulate physiological and immune functions. However, over-intake of FFAs or high concentration of circulating FFAs is strongly associated with metabolic syndromes, such as obesity (9) . To prevent this negative effect, FFA receptors have been evolved to regulate the absorption and biological role of FFAs. Many factors, including dietary composition, affect the FFA levels in intestinal luminal contents and FFA receptors expression profiles in gastrointestinal tract. Previous studies had shown that MSG and/or fat affected circulating amino acid pool (46) , intestinal barrier function, immunity (49) and intestinal microbiota (44) in growing pigs; however, less study focus was given on the effect of MSG and/or fat alone, or in combination, on FFA levels in intestinal luminal contents and the expression of FFA receptors in gastrointestinal tract. In the present study, we reported, for the first time, that MSG and/or fat affect the FFA levels in intestinal luminal contents and expression profiles of FFA receptors in hypothalamus and gastrointestinal tract of growing pigs.
Collectively, our data support that MSG and fat (alone and in combination) significantly affect the composition and relative proportion of LCFAs in intestinal luminal contents and simultaneously exhibit antagonistic effect.
The SCFAs from microbial fermentation in colon provide approximately 10% extra energy of diet, and this energy can be used for de novo synthesis of triglycerides and gluconeogenesis (50, 51) . Although FFAs could be beneficial to some extent, excessive FFAs uptake or higher circulating FFAs levels increase the risk to induce insulin resistance and obesity and other metabolic syndromes (52, 53) . SCFAs mainly include acetate, propionate, butyrate and valerate. Acetate is a necessary energy resource for muscle cell, cardiomyocytes and brain cells (54) ; propionate can be used for gluconeogenesis (55) and butyrate is an important energy supplier for intestinal epithelial cells (56) . The ratio of acetate to propionate is usually regarded as a marker to reflect the energy status in the body (57) . In the present study, MSG and fat alone or in combination exhibited no significant effect on the ratio of acetate to propionate and most of SCFA concentrations in the cecum and colonic contents. Although fat could increase the isobutyric acid and isovaleric acid concentration in cecum contents, they showed less effect on the body than other SCFAs. Interestingly, MSG elevated butyrate concentration in cecum and colonic contents. MSG remarkably enhanced colonisation of butyrate-producing bacteria in colon (44) , which ferment fibre to produce butyrate (58) . This may explain why MSG increases butyrate level in the colonic contents. Notably, SCFAs, especially butyrate regulate proliferation and differentiation of intestinal epithelial cells, enhance intestinal barrier function, and additionally modulate inflammatory response (59, 60) . At the same time, dietary supplementation with SCFAs improves energy metabolic homeostasis (61) . However, based on previous studies, high butyrate and acetate level in colon is strongly associated with pathogenesis of obesity (62, 63) ; therefore, it is difficult to evaluate the effect of MSG and/or fat on obesity development only according to intestinal luminal SCFAs concentration. Thus, more works should be carried out to elucidate it clearly. Unlike SCFAs, LCFAs are absorbed through lymphatic vessels in a chyle manner. Emerging evidences have shown that the length of carbon chain of FFAs affects the absorption and metabolism of fatty acid and the gene expression profiles (64) . Actually, over-uptake of LCFAs is a major contributor to obesity, specifically triglycerides accumulation in adipose and other tissues because of uptake of LCFAs in adipocytes (65) . Hence the advances in revealing the association of MSG and/ or fat with LCFAs composition and percentages in intestinal luminal contents can deepen the understanding of the relationship of MSG and fat with obesity. In the present study, MSG and fat alone or in combination significantly affected intestinal luminal LCFAs composition. The main fat source in this study was soybean oil which contains large amounts of unsaturated fatty acids (Table 1) ; therefore, the dietary fat addition could increase polyunsaturated fatty acids and decrease saturated fatty acids in intestinal luminal. Among these fatty acids, dietary fat mainly increased linoleic acid and linolenic acid (polyunsaturated fatty acids) percentages and decreased stearic acid, myristic acid and palmitic acid (saturated fatty acids) percentages in ileum and cecum. On the contrary, MSG increased some of saturated fatty acids percentage and decreased some of polyunsaturated fatty acids percentage in ileum and cecum. Simultaneously, MSG and fat exhibit antagonistic effect. However, the effects of MSG and fat on LCFAs in colon are complicated. Linoleic acid and oleic acid are two main unsaturated fatty acids in the diet, which were reported to be beneficial to health (66) . Linolenic acid is also beneficial to the body although it is relatively rare in the diet. α-Linolenic acid can effectively alleviate coronary artery disease and reduce mortality (67, 68) . γ-Linolenic acid can significantly reduce weight, which can be used in the treatment of obesity (69−70). Palmitic acid and stearic acid are the two most saturated types of dietary LCFA (71) . Palmitic acid, instead of unsaturated oleic acid and linoleic acid, can lead to the secretion of inflammatory cytokines and induce neurotoxicity through the activation of signalling pathways including JNK (72) . Other saturated fatty acids such as lauric acid, cardamic acid and palmitic acid promote the accumulation of triacylglycerol in cells and produce ROS (73) . Dietary fat promoted the absorption of these beneficial unsaturated fatty acids for body, while MSG had a relatively weak effect. Both fat and MSG in dietary supplement could produce beneficial effects on the body by effectively reducing the amount of palmitate in the intestinal tract, while dietary supplementation with MSG showed an opposite effect to fat on the main saturated acids ( palmitic acid) as it does on the main unsaturated fatty acids ( linoleic acid and oleic acid). This result indicated that the dietary addition of MSG has more harmful effects on the body than fat. Thus, MSG and fat alone or in combination affected intestinal luminal lipid metabolism and intestinal health by changing intestinal luminal LCFAs composition and concentration, finally exerting different effect on development of obesity.
Previous studies have demonstrated that the role of FFAs in human health is sensed and regulated by FFA receptors (74) , and these FFA receptors play an essential role in lipid and energy metabolism, insulin resistance, fat accumulation, and even pathogenesis of obesity and diabetes (14, 28, 29) . FFA receptors are divided into SCFA receptors (GPR41 and GPR43) (23) and LCFA receptors (GPR40, GPR84 and GPR120) (22, 27) and then regulate the corresponding FFAs biological function, respectively. Additionally, SCFAs activate GPR41 and GRP43 cascade signal pathways, which lead the release of gastrointestinal hormone peptide YY, and further regulate energy metabolism (75) . According to previous study of diet-induced obese rat, blunt of nutrients-sensing is an important factor for obesity development (76) . Consistent with previous investigation, MSG and/or fat significantly downregulate FFA receptors expression in ileum and hypothalamus. At the same time, MSG and fat in combination exhibit synergistic effect. Ileum is a key site for FFAs absorption, and hypothalamus is a control centre of energy metabolism (77) . Thus, the suppression of FFA receptors in ileum and hypothalamus may cause dysfunction of sensing and surveillance of lipid, and effect the development of obesity (28, 74) . However, dietary fat significantly increased gene expression of FFA receptors, including SCFAs and LCFAs receptors in stomach, duodenum and jejunum. As enzymatic hydrolysis of fat in diet, most of FFAs are released from dietary fat in the proximal and middle intestine. Therefore, increased expression of FFA sensors expression may facilitate luminal FFAs flux absorption and metabolism (14) . Intriguingly, dietary fat increases gene expression of SCFA receptors and conversely decreases gene expression of LCFA receptors in colon. The majority of SCFAs are produced in colon because colon is the major site for microbial fermentation of carbohydrates including dietary fibre (11) . Simultaneously, SCFAs prefer to be oxidised to produce ATP for colonocyte (56) . Thus, upregulation of SCFA receptors expression facilitates SCFAs absorption and metabolism. However, as the LCFAs concentration in colon factually increases, reduced expression of LCFA receptors in colon may lead to dysfunctional regulation of LCFAs metabolism. Of note is that LCFAs are the critical contributor for fat accumulation and obesity (65) . According to previous studies, we know that FFA receptors have come to be regarded as new drug targets for metabolic disorder, such as obesity and type 2 diabetes (78) . Such dysfunction of GPR120 could be a potential mechanism for HFD-induced obesity and obesity-associated metabolic syndrome in mice (28) , and the expression of GPR120 in X/A-like cells causes a reduced level of ghrelin (79−81) , suggesting that the activation of GPR120 has an anti-obesity effect. Consequently, the suppression of LCFA receptors induced by fat may be a candidate mechanism for obesity development. Dietary MSG decreased most FFA sensors expression, and this may explain why MSG induces obesity. However, further detailed studies such as molecular interactions and signalling pathways are needed to elucidate the relationship between FFA receptors and obesity in condition of MSG and/or fat diet. Collectively, MSG and/or fat blunted FFA sensors in hypothalamus and gastrointestinal tract, possibly leading to dysfunctional regulation of FFAs and energy metabolism, which may link with the development of obesity.
Although MSG and/or fat had no significant effects on the growth performance of growing pigs, which may be due to the short feeding period, however, they significantly increased intramuscular lipid content by promoting fat synthesis (47) . Similarly, the present study showed increased lipid content in adipose tissue (Fig. 1) . The most direct symptom of obesity is the increase of body fat rate. When the balance of fat metabolism was disturbed, it resulted in imbalance of fat synthesis and decomposition, and the increase of net fat deposition will eventually lead to obesity (82) . In the present study, MSG increased the fat synthesis and decomposition, while the synthesis rate is higher than the decomposition rate, leading to the deposition of fat. Fat increases the fat synthesis and reduces fat decomposition, resulting in the deposition of fat. The effects of MSG and fat in combination on fat metabolism of growing pigs were antagonistic.
Conclusion
MSG and/or fat significantly affect intestinal luminal FFAs concentration, especially LCFAs. The effect of MSG and fat on LCFAs composition and concentration in intestinal luminal contents is complicated and different, and simultaneously exhibits antagonistic effect, which may represent the different mechanisms of MSG and fat on the effect of obesity development. Importantly, MSG and/or fat significantly blunted FFA receptors expression in hypothalamus and gastrointestinal tract, and suppression of FFAs sensors may cause dysfunctional metabolism of lipid and energy. Thus, downregulation of FFA receptors expression induced by MSG and fat may be one of the mechanisms for obesity development. Furthermore, MSG and/or fat promoted fat deposition in adipose tissue through different ways.
